Fucosylation is a post-translational modification that attaches fucose residues to protein-or lipid-bound oligosaccharides. Certain fucosylation pathway genes are aberrantly expressed in several types of cancer, including non-small cell lung cancer (NSCLC), and this aberrant expression is associated with poor prognosis in patients with cancer. However, the molecular mechanism by which these fucosylation pathway genes promote tumor progression has not been well-characterized. The present study analyzed public microarray data obtained from NSCLC samples. Multivariate analysis revealed that altered expression of fucosylation pathway genes, including fucosyltransferase 1 (FUT1), FUT2, FUT3, FUT6, FUT8 and GDP-L-fucose synthase (TSTA3), correlated with poor survival in patients with NSCLC. Inhibition of FUTs by 2F-peracetyl-fucose (2F-PAF) suppressed transforming growth factor β (TGFβ)-mediated Smad3 phosphorylation and nuclear translocation in NSCLC cells. In addition, wound-healing and Transwell migration assays demonstrated that 2F-PAF inhibited TGFβ-induced NSCLC cell migration and invasion. Furthermore, in vivo bioluminescence imaging analysis revealed that 2F-PAF attenuated the metastatic capacity of NSCLC cells. These results may help characterize the oncogenic role of fucosylation in NSCLC biology and highlight its potential for developing cancer therapeutics.
Introduction
Lung cancer is the leading cause of cancer-related death in the world (1) . Non-small cell lung cancer (NSCLC) accounts for >85% of all lung cancer cases (2) . Patients are usually diagnosed with NSCLC at an advanced or metastatic stage with poor prognosis (3) . However, the molecular mechanisms driving NSCLC development and progression remain poorly understood.
Fucosylation is one of the most common types of mammalian glycosylation, in which fucose is conjugated to protein-or lipid-bound oligosaccharides (4) . Cell surface fucosylation serves a crucial role in fine-tuning biological recognition processes that mediate cell adhesion and migration (4) . Aberrant fucosylation has been observed in multiple types of cancer (5) (6) (7) and is associated with tumor development and metastatic capability (8) (9) (10) (11) . Therefore, fucosylation has gained attention as a promising target for the development of novel cancer therapeutics.
The fucosylation pathway consists of GDP-fucose synthesis in the cytosol, GDP-fucose transport into the Golgi, and fucose transfer to acceptor substrates inside the Golgi (12) . GDP-fucose is synthesized by the de novo or salvage enzymatic pathways involving GDP-mannose 4,6-dehydratase Altered expression of fucosylation pathway genes is associated with poor prognosis and tumor metastasis in non-small cell lung cancer (GMDS) , GDP-L-fucose synthase (TSTA3), L-fucose kinase (FUK) and fucose-1-phosphate guanylyltransferase (FPGT) (4, 13) . GDP-fucose is transported into the Golgi lumen by GDP-fucose transporter 1 (SLC35C1) (13) . A fucose residue from GDP-fucose is transferred to the sugar moieties of glycoconjugates or the serine/threonine residues on substrate proteins by fucosyltransferases (FUTs) (14, 15) . FUTs catalyze α-1,2 (by FUT1 and 2), α-1,3 (by FUT3-7 and 9-11), α-1,4 (by FUT3 and 5) and α-1,6 (by FUT8) glycosidic bond formation or protein O-fucosylation (by POFUT1 and 2) (4, 16, 17) . Certain FUT isotypes are aberrantly expressed in several types of cancer, including NSCLC (18) (19) (20) (21) (22) (23) (24) (25) (26) , and this aberrant expression is associated with poor prognosis in patients with cancer (21, 26, 27) . However, the molecular mechanism by which the fucosylation pathway genes promote tumor progression has not been well-characterized.
The present study aimed to analyze microarray data obtained from NSCLC samples. The findings of this study may help characterize the oncogenic role of fucosylation in NSCLC biology and highlight its potential for therapeutic targeting.
Materials and methods
Data collection. Microarray data of samples from patients with lung adenocarcinoma were obtained from the Gene Expression Omnibus (GEO) database under the accession number GSE31210 (28) as the discovery dataset. The GSE31210 data were obtained from 20 normal and 226 NSCLC samples [68 epidermal growth factor receptor (EGFR)/KRAS/echinoderm microtubule-associated protein-like 4 (EML4)-anaplastic lymphoma kinase (ALK) fusion-negative (triple-negative), 127 EGFR mutation-positive, 20 KRAS mutation-positive and 11 EML4-ALK fusion-positive samples]. The replication datasets were GSE30219 (29), GSE29013 (30), GSE37745 (31) and GSE50081 (32) . RNA expression values of TCGA LUAD dataset were obtained from the RNA-Seq V2 RSEM data of cBioPortal (http://www.cbioportal.org). Survival data of patients from TCGA LUAD dataset were collected using TCGA-assembler 2.0.5 with R software (http://www.r-projects. org) (33) . Baseline characteristics of the survival datasets were summarized in Table SI .
Computational analysis. The microarray datasets were subjected to stringent quality control tests to filter out low-quality microarray samples (34) . The criteria used were as previously described (35, 36) . Of the 246 samples, 235 passed the quality control test (Table SII) . These samples were normalized by the MAS5.0 algorithm in Expression Console (Build 1.3.1.187, Affymetrix; Thermo Fisher Scientific, Inc.), and 18 normal, 66 triple-negative, 121 EGFR mutation-positive, 19 KRAS mutation-positive and 11 EML4-ALK fusion-positive samples were used for further analysis. From the microarray data, probes corresponding to the fucosylation pathway genes (FUT1, FUT2, FUT3, FUT4, FUT5, FUT6, FUT7, FUT8, FUT9, FUT10, FUT11, POFUT1, POFUT2, GMDS, TSTA3, FUK, FPGT and SLC35C1) were extracted. When multiple probes were matched with one gene, the probe with the highest expression was selected as the representative value of gene expression. The fucosylation pathway gene (FUT1, FUT2, FUT3, FUT4, FUT5, FUT6, FUT7, FUT8, FUT9, FUT10, FUT11, POFUT1, POFUT2, GMDS, TSTA3, FUK, FPGT and SLC35C1) expression values from tumor samples were then divided by those from normal samples to calculate relative expression levels. Correlation analysis was performed for the gene expression levels between the TGFβ receptor complex pathway and the fucosylation pathway to examine the association between the pathways. The 'TGFβ receptor complex pathway gene set' was created by collecting genes listed in the gene signatures, such as 'TGFβ receptor signaling activates SMADs', 'TGFβ receptor signaling in EMT' and 'transcriptional activity of SMAD2/SMAD3:SMAD4 heterotrimer' in Reactome pathway database version 65 (https://reactome. org) (37) . Fucosylation pathway genes and TGFβ receptor complex pathway genes were presented as scatterplots, and correlations were expressed using a linear regression model. Survival analysis. Survival analysis was performed using microarray datasets. For each fucosylation pathway gene, the patient samples were divided into four groups according to their gene expression pattern. Kaplan-Meier survival curves, log-rank test, univariate and multivariate Cox proportional hazards regression models were used to determine the association between gene expression and patient survival in the fourth quartile of expression of fucosylation pathway genes in terms of relapse-free survival rate (RFS) or overall survival rate (OS). A multivariate Cox proportional hazard regression model was used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) of the expression on RFS or OS of NSCLC adjusting for age, sex, smoking status and pathological stage. Among the 514 TCGA samples, 396 patients with stage I and II were analyzed, as microarray datasets only consisted of patients with tumor stage I or II (Table SI) .
Cell culture and reagents. NCI-H3122 cells were kindly provided by Professor Pasi A. Janne (Dana Faber Cancer Institute, Boston, MA, USA). Calu-1 cells were supplied by the American Type Culture Collection. Cells with passage number <20 were used in the experiments. All cell culture reagents were obtained from Gibco; Thermo Fisher Scientific, Inc. or HyClone; GE Healthcare Life Sciences. The FUT inhibitor 2F-peracetyl-fucose (2F-PAF) was purchased from Merck KGaA. 2F-PAF was dissolved in DMSO and stored at -20˚C. Prior to treatment with TGFβ1 (R&D Systems, Inc.), cells were cultured in RPMI-1640 medium (HyClone Laboratories, Inc.) containing 0.2% FBS (HyClone Laboratories, Inc.) and/or 2F-PAF at the indicated concentrations (25-200 µM) for 24 h. All other cell culture reagents were supplied by Sigma-Aldrich.
Cell viability assay. NCI-H3122 and Calu-1 cells (3x104) were treated with 2F-PAF (0-200 µM) for 72 h in 12-well culture plates prior to MTT assay using thiazolyl blue tetrazolium bromide (Sigma-Aldrich; Merck KGaA). The purple formazan was dissolved in DMSO and quantified by measuring the absorbance at 570 nm on a BioTek Synergy MX microplate spectrophotometer (BioTek Instruments, Inc.).
Luciferase assay. NCI-H3122 cells and Calu-1 cells (3x10 4 )
were transfected with pGL2-3TP-luciferase (Addgene, Inc.) and pCMV-β-galactosidase gene constructs (Takara Biotechnology Co., Ltd.) (38) using FuGENE 6 (Roche Diagnostics) according to the manufacturer's instructions. After 24 h of transfection, cells were treated with 2F-PAF for 24 h and further incubated with TGFβ for 24 h. Cells were harvested and assayed for luciferase or β-galactosidase activity using a Luciferase Assay System kit (Promega Corporation). Luciferase activity was normalized to β-galactosidase activity as previously described (38) .
Western blot analysis. NCI-H3122 or Calu-1 cells (2x105) were seeded on 60 mm dishes. After 24 h, cells were treated with the conditions indicated in figure legends (1 or 5 ng/ml TGFβ and 25-200 µM 2F-PAF). The crude extracts were prepared by incubation with RIPA buffer containing protease and phosphatase inhibitor cocktails (Merck KGaA). The protein concentration was determined by bicinchoninic acid assay. The samples were resolved using 6 or 10% SDS-PAGE and then transferred to nitrocellulose membranes. The membranes were blocked with 5% skim milk in TBS + 0.1% Tween-20 for 1 h at room temperature and probed with the indicated antibodies. The signals were determined using a SuperSignal West chemiluminescent substrate (Thermo Fisher Scientific, Inc.). ImageJ software (ImageJ bundled with 64-bit Java 1.8.0_112; National Institutes of Health) was used to quantify band intensity. The data were representative of at least three independent experiments. Antibody information and experimental conditions are presented in Table SIII .
Confocal microscopy. NCI-H3122 cells (2x10 4 ) were seeded on glass coverslips in 12-well plates. At 24 h, cells were treated with the conditions indicated in figure legends (1 ng/ml TGFβ and 50-200 µM 2F-PAF). Cells were fixed with 4% formaldehyde in PBS for 5 min, permeabilized with 0.3% Triton X-100 for 7 min, and blocked with 3% normal goat serum in PBS for 1 h at room temperature. Subsequently, cells were probed with an anti-Smad3 antibody (1:200; cat. no. 9523; Cell signaling Technology, Inc.) overnight at 4˚C and stained with FITC-conjugated anti-rabbit IgG antibody (1:1,000; cat. no. A21441; Invitrogen; Thermo Fisher Scientific, Inc.) and DAPI (Roche Diagnostics GmbH). The stained cells were imaged with a FluoView 1000 confocal microscope (x40 magnification; Olympus Corporation).
Wound-healing assay. Wound-healing assays were used to assess cell migration as previously described (39) . NCI-H3122 and Calu-1 cells were cultured with 2F-PAF in 6-well plates for 24 h. A scratch was made on the cell monolayer using a sterile 10 µl pipette tip, and then cells were treated with TGFβ, 2F-PAF or TGFβ + 2F-PAF in RPMI-1640 medium containing 0.2% FBS for 24 h. Migrated cells within the scratch area were counted in five random fields using a Nikon Eclipse TS100 phase-contrast microscope (Nikon Instruments, Inc.).
Transwell migration assay. Transwell migration assays were performed in 24-well chambers with 8 µm pore size Transwell inserts (Corning, Inc.) as previously described (40, 41) . The inserts were coated with 0.1 mg/ml collagen for 1 h. NCI-H3122 cells were trypsinized, and single-cell suspensions were placed into the upper chamber (1x10 5 cells/well) in 100 µl serum-free medium. TGFβ (5 ng/ml) in serum-free medium (800 µl) was placed in the lower chamber as a chemoattractant. After 48-h incubation, the cells from the upper surface of the chamber were removed using a cotton swab. The migrated cells were fixed with 4% formaldehyde in PBS for 7 min and stained with 0.5% crystal violet for 20 min at room temperature, imaged and counted using a phase-contrast microscope (x100). The number of migrated cells was counted in five random fields.
In vivo metastasis assay. Calu-1-Luc cells were established by infection with RediFect Red-FLuc-Puromycin Lentiviral Particles (PerkinElmer, Inc.) for 24 h at 37˚C and puromycin selection for 2 weeks with a final concentration of 2 µg/ml. Calu-1-Luc cells were treated with 20 µg/ml 2F-PAF for 96 h. BALB/c-nude mice (male, 8 weeks old, n=5 per group) were housed in a specific pathogen-free environment at 22±2˚C and 55±5% relative humidity with light. BALB/c-nude mice injected intravenously with 1x10 6 2F-PAF-treated Calu-1-Luc cells and analyzed 2 weeks later. For in vivo bioluminescence imaging (BLI), mice were injected intraperitoneally with D-Luciferin (150 mg/kg, 200 µl; PerkinElmer, Inc.) under gas anesthesia [1% (w/v) isoflurane in 2 l oxygen] and imaged 10 min later using the IVIS spectrum system (PerkinElmer, Inc.). BLI intensity was measured using region of interest analysis. All experiments were conducted under protocols approved by the Institutional Animal Care and Use Committee of the Asan Institute for Life Sciences at the Asan Medical Center (approval no. 2019-14-201).
Statistical analysis. GraphPad Prism 7.04 (GraphPad Software, Inc.) was used for statistical analysis. Data are expressed as the mean ± SEM. Comparison of mean values among experimental groups was performed using one-way ANOVA followed by a Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of fucosylation pathway genes is altered in NSCLC. To determine which fucosylation pathway genes were differentially expressed between normal lung and NSCLC tissue samples, 235 samples (18 normal and 217 NSCLC tissues) from the public microarray dataset GSE31210 were analyzed. A heatmap demonstrated distinct expression patterns of fucosylation pathway genes (Fig. 1A) . The expression levels of FUT2, FUT3, FUT6, FUT8, GMDS, TSTA3, FUK and FPGT were increased in NSCLC, whereas FUT1 expression decreased in NSCLC (Fig. 1B) . This result was confirmed in the replication datasets GSE30219 (Fig. 1C and D) and GSE19188 ( Fig. S3A and B) . The expression levels of FUT1, FUT2, FUT3, FUT6, FUT8, GMDS and TSTA3 were commonly altered in NSCLC in the three datasets ( Figs. 1 and S3) .
The altered expression of these genes compared with normal lung tissue was observed in NSCLC independently of the triple-negative, EGFR mutation-positive, KRAS mutation-positive, and EML4-ALK fusion-positive status. The analysis results demonstrated that the gene expression levels of FUT1, FUT2, FUT3, FUT6, FUT8, GMDS, TSTA3 and FUK were commonly altered in all four NSCLC subtypes compared with those in normal tissues ( Fig. S4 and Table SIV ). However, the change was most prominent in the EML4-ALK fusion-positive subtype of NSCLC. Patients with NSCLC with high expression of FUT2, FUT3, FUT6, FUT8 and TSTA3 and low expression of FUT1 and FUT5 exhibited significantly worse RFS, even after adjusting for epidemiological and clinicopathological factors (Table I) .
To validate the results of the survival analysis, OS analysis was performed using two different datasets (Table SV) . These results demonstrated that patients with altered expression of FUT1 (downregulated) and FUT8 (upregulated) exhibited significantly worse survival rates. This result of the replication dataset was consistent with the result of the discovery dataset (Tables I and SV) .
Inhibition of FUTs attenuates TGFβ-induced cell migration and tumor metastasis.
Fucosylation of the TGFβ receptor has previously been demonstrated to enhance TGFβ signaling (42, 43) . To determine the association between TGFβ signaling and fucosylation in patients with lung cancer, the correlation of gene expression between the fucosylation pathway and the TGFβ receptor complex pathway was first analyzed. The TGFβ receptor complex pathway gene set was constructed using the Reactome database, and the expression levels of these genes were extracted from GSE31210. The hierarchical clustering results demonstrated that the expression of TGFβ receptor complex pathway genes such as cbl proto-oncogene, cadherin1, desmoplakin, E2F transcription factor 4 (E2F4), histone deacetylase 1, matrix metallopeptidase 9, partitioning defective 6 homolog α, poly (ADP-ribose) polymerase 1, protein phosphatase 1A, protein phosphatase 1 catalytic subunit α, ras homolog family member A, SKI-like proto oncogene, SMAD3, SRY-box transcription factor 9, Sp1 transcription factor, zinc finger E-box-binding homeobox 1, TGFβR2, tight junction protein-1, ubiquitin-conjugating enzyme E2, WW domain containing transcription regulator 1, zinc finger E-box binding homeobox 2 and zinc finger FYVE-type containing 9 exhibited strong correlations with the expression of FUT1, FUT2, FUT3, FUT4, FUT6, FUT7, FUT8, FUT11, POFUT2, GMDS, FPGT, FUK and TSTA3 in patients with NSCLC (Fig. S7 ). The expression of E2F4 exhibited a fair correlation with the expression of FUT4 and GMDS (R=0.53 and R=0.57, respectively) 30191186. In the linear regression model, E2F4-FUT4 (R2=0.28) and E2F4-GDMS (R2=0.32) had explanatory power (Fig. S8) .
To confirm the association between TGFβ signaling and fucosylation, the FUT inhibitor 2F-PAF was used. Since altered expression of fucosylation pathway genes is most prominent in the EML4-ALK fusion-positive subtype of NSCLC, NCI-H3122, which is an NSCLC cell line that expresses the EML4-ALK fusion, was selected for the experiments. 2F-PAF suppressed TGFβ-induced Smad activation in a dose-dependent manner ( Fig. 2A ). In addition, 2F-PAF attenuated the TGFβ-mediated phosphorylation of Smad2/3 ( Fig. 2B ) and translocation of Smad3 into the nucleus (Fig. 2C) . Additionally, 2F-PAF inhibited TGFβ signaling in NCI-H3122 cells without exhibiting any cytotoxicity effects (Fig. S9A) . The effects of 2F-PAF on TGFβ-mediated phenotypes in NCI-H3122 cells were further examined; 2F-PAF suppressed TGFβ-induced downregulation of E-cadherin and upregulation of vimentin, N-cadherin and fibronectin ( Fig. 2D ), suggesting that 2F-PAF inhibited TGFβ-mediated epithelial-mesenchymal transition (EMT). In addition, 2F-PAF suppressed TGFβ-induced cell migration and invasion in a wound-healing (Figs. 2E and S10A-C) and Transwell invasion (Figs. 2F and S11) assays, respectively. These results demonstrated that 2F-PAF inhibited TGFβ-induced EMT, migration and invasion of NSCLC cells.
Inhibition of FUTs attenuates NSCLC metastasis.
In addition to in vitro experiments, further experiments were performed to examine whether 2F-PAF may attenuate tumor metastasis in vivo. The anti-metastatic activity of 2F-PAF was examined using highly metastatic Calu-1 NSCLC cells. 2F-PAF inhibited TGFβ signaling in Calu-1 cells (Fig. 3A and B ) without exhibiting any cytotoxicity effects 27683099 (Fig. S9B) . The expression levels of EMT marker proteins in Calu-1 cells were also analyzed. Similar to NCI-H3122 cells (Fig. 2D ), TGFβ decreased the expression level of E-cadherin and increased those of vimentin, N-cadherin, and fibronectin, and these effects were reversed by 2F-PAF (Fig. 3C ). In addition, wound-healing assay demonstrated that 2F-PAF decreased TGFβ-induced Calu-1 cell migration ( Fig. 3D and Fig. S10D-F) , which was similar to the results observed in NCI-H3122 cells ( Fig. 2E) . At 200 µM, 2F-PAF completely suppressed TGFβinduced reporter gene activity and Smad phosphorylation ( Figs. 2A and B, and 3A and B) , but partially rescued TGFβ-induced EMT markers (Figs. 2D and 3C) in the two NSCLC cell lines. At 800 µM 2F-PAF fully rescued TGFβ-induced changes in EMT markers (data not shown). However, to minimize the adverse drug response, 200 µM 2F-PAF in the in vivo studies. Bioluminescence imaging analysis of a mouse NSCLC metastasis model revealed that 2F-PAF inhibited the colonizing ability of Calu-1-Luc ( Fig. 3E and F) , a luciferase-expressing Calu-1 cell line that has the ability to colonize to the lung following intravenous injection (44) . These results indicated that inhibition of FUTs attenuated the in vivo metastatic capacity of Calu-1 cells.
Discussion
Fucosylation of cell surface receptors serves a crucial role in fine-tuning cellular responses to extracellular stimuli (13) . Previous studies have reported that cellular fucosylation patterns are altered during cancer development and progression (21, 45) . The results of the present study demonstrated that altered expression of fucosylation pathway genes is associated with poor prognosis in patients with NSCLC. In addition, inhibition of FUTs suppressed TGFβ signaling and tumor metastasis.
TGFβ serves a crucial role in cancer metastasis by affecting various cellular processes, including cell migration (46, 47) . The results of the present study demonstrated that FUTs were aberrantly expressed in NSCLC and that 2F-PAF inhibited TGFβ signaling and cell migration. These results suggested that the altered expression of FUTs may stimulate cancer metastasis by potentiating TGFβ signaling in NSCLC. In addition, these results indicated that FUT inhibitors, including 2F-PAF, may be promising agents against metastasis of NSCLC. A previous study reported the feasibility of FUT inhibitors as anti-metastatic agents in prostate cancer (45) . However, to corroborate the clinical significance of the present study, further studies will be required to measure the expression levels of FUTs and fucosylation on their substrates from a mouse model and patient samples. In addition, it is important to investigate how long the effect of 2F-PAF lasts in the experimental conditions and the possible secondary adverse drug effects. The effect of each fucosylation pathway gene on TGFβ signaling was assessed in the present study using siRNAs against FUT2, FUT3, FUT6, FUT8 and TSTA3; however, siRNA-mediated silencing of any of these gene alone did not recapitulate the effects of 2F-PAF on inhibiting TGFβ signaling in NCI-H3122 cells (data not shown). These results suggested that simultaneous inhibition of all FUTs, and thus multiple types of fucosylation, may be effective in inhibiting TGFβ signaling and metastasis.
The results of the present study demonstrated that FUT1 was downregulated and associated with poor prognosis in patients with NSCLC. By contrast, the expression levels of FUT1 were elevated in samples from patient with prostate cancer (48) . These studies provide insight into the cancer type-specific roles of FUT isotypes. However, further studies are needed to investigate how the expression levels of fucosylation pathway genes vary across a wide range of cancer types.
The results of the present study indicated that the change in the expression levels of fucosylation pathway genes is most prominent in the EML4-ALK fusion-positive subtype of NSCLC. These findings suggested that fucosylation may exert differing roles in different NSCLC subtypes. However, due to the small sample size in our dataset, no statistically significant differences were observed in patient prognosis across the different molecular subtypes of NSCLC.
One limitation of the present study was that patients were recruited from different datasets, and could therefore possess different clinicopathological characteristics that affect lung adenocarcinoma survival. In the discovery set (GSE31210), the expression levels of FUT1, FUT2, FUT3, FUT6, FUT8 and TSTA3 correlated with poor RFS. However, in the replication dataset, only FUT1 and FUT8 were associated with poor OS. The different results between the discovery and replication datasets result from individual heterogeneity, including the distribution of sex and smoking status in the datasets. In addition, OS analysis was performed in the replication datasets as there are not enough publicly accessible RFS datasets. Despite these limitations, the strength of the present study is that the target genes extracted from large amounts of disease transcriptome data were verified through survival analysis, in vitro and in vivo experiments.
In conclusion, the present study applied a data-driven approach to increase the understanding of the role of fucosylation pathway genes in NSCLC and to assess the clinical relevance of fucosylation pathway genes. In addition, the results of the present study demonstrated that inhibition of FUTs attenuated TGFβ signaling and tumor metastasis. These results suggested that targeting fucosylation may represent a promising strategy for the development of novel NSCLC therapeutics.
